A new methodology based on pyrene excimer fluorescence (PEF) was applied to quantitatively measure the actual level of intermolecular association between ethylene-propylene (EP) copolymers in toluene in the presence of wax, an intrinsic component of engine oils. EP copolymers are commonly used as viscosity index improvers (VIIs) in engine oils. Unfortunately waxes in engine oils thicken the oil and are suspected of associating with VIIs at low temperature.
INTRODUCTION
An engine oil formulation is usually a mixture of base oils and oil-additives. Oil-additives enhance the base oil lubricating properties and the base oil must maintain proper solvency of these oil additives during the operation of the engine. Dispersants, detergents, viscosity index improvers (VIIs), pour point depressants (PPDs), and antiwear and antioxidant agents are different types of oil additives typically present in an engine oil. 1 VIIs are long chain, high molecular weight polymers used to reduce the decrease in viscosity of the base oil upon increasing temperature without excessively increasing the viscosity of the oil at lower temperatures. [2] [3] [4] This feature becomes particularly important in countries with wide temperature differentials between engine start up, with start up temperatures being as low as −40 o C during the North American winter, and the normal operating temperature of the engine which reaches +200 o C. Consequently, VIIs are essential components of an engine oil to enhance the oil efficiency and durability while providing maximum engine protection. The performance of the VII depends on the polymer solubility, its interactions with other chemicals found in the oil, and its shear and oxidation resistance. 5, 6 The best known VIIs are polymethacrylates, polyisoprene-polybutadiene-polyisoprene star polymers, ethylene-propylene (EP) copolymers, and hydrogenated styrene-diene copolymers. 4, [7] [8] [9] [10] As they are the focus of this study and since they constitute an important family of VIIs, EP copolymers are described in more details hereafter. EP copolymers were first introduced as VIIs in the late 1960s. 11 The ethylene-to-propylene molar ratio defines the quality of a given EP copolymer as a VII. 7, 11 The presence of long ethylene sequences in EP copolymers induces polymer crystallinity that changes the hydrodynamic volume of the polymer coil in a way that yields desirable lubrication properties for an engine oil as a function of temperature. But polymer sequences with higher ethylene contents are also expected to interact strongly with wax present in the engine oil at very low temperatures. 12 The interactions between wax and EP copolymers are expected to affect Vh of the EP copolymers coil, and thus the viscosity of the EP copolymer solution. Furthermore, the interactions between wax and EP copolymers might be further enhanced at temperatures between −20 and + 20 o C where semicrystalline EP copolymers with high ethylene contents are reported to undergo a massive decrease in Vh due to the formation of microcrystals in solution. 3, 4 Even though most of the wax is removed during dewaxing, a small amount of wax remains in the oil. These waxes are composed of long chain hydrocarbons which vary in molecular weight and composition. 13, 14 Consequently the study of the effect that the presence of wax has on the interactions taking place between EP copolymers as a function of temperature in a temperature range between −30 and +30 o C is of high interest to the oil-additive industry.
Intermolecular association between macromolecules is typically investigated by fluorescence resonance energy transfer (FRET) 2, 15, 16, 17 and pyrene excimer fluorescence (PEF). 2 But a quantitative measure of the molar fraction (finter) of macromolecules involved in intermolecular associations is only provided when PEF is used. 18, 19 As was shown in a previous study, 19 finter can be determined in a simple and straightforward manner from the ratio IE/IM of the fluorescence intensity of the excimer (IE) over that of the monomer (IM) obtained from the fluorescence spectrum of pyrene-labeled macromolecules (PyLMs maleic anhydride (98%), 1-pyrenemethylamine hydrochloride (PyCH2NH2 HCL, 95%), and tertbutyl peroxide (98%) were purchased from Sigma-Aldrich and were employed without further purification. Four EP copolymers, two amorphous polymers with an ethylene content of 60 mol% and two semicrystalline polymers with an ethylene content of 78 mol%, and an engine oil wax were supplied by Afton.
Carbon Nuclear Magnetic Resonance ( 13 C NMR). 13 C NMR was used to calculate the molar ethylene content of the EP copolymers. 25 To acquire the 13 C NMR spectra of the EP copolymers at 120 o C, a Bruker 500 MHz high resolution NMR spectrometer was employed. 26 EP copolymers (0.14 g) were dissolved in TCE-d2. Before acquiring each NMR spectrum, the solution in the NMR tube was homogenized by placing it in a heating block at 120 o C for a minimum of 4 hrs.
Fourier Transform Infrared (FTIR).
A Bruker Tensor 27 FTIR spectrophotometer was used to obtain all FTIR spectra. To produce a thin polymer film on a NaCl FTIR plate, a few drops of polymer solution in toluene were deposited onto the cell and the solvent was then evaporated under a stream of nitrogen. All samples had an absorbance of less than unity to optimize the signal-tonoise ratio.
Differential Scanning Calorimeter (DSC).
The melting point (Tm) and enthalpy (∆Η) of the EP copolymers were determined using DSC with a TA Q2000 calorimeter with temperature scanning GPC equipped with a TDA 305 triple detector array and a 2600 UV detector, using THF as the mobile phase. Due to the low molecular weight of the wax, only the detectors for differential refractive index (DRI) and UV Vis absorbance set at 245 nm were used to determine the MWD of wax. The column was maintained at a temperature of 35 °C and the flow rate was 1 mL·min −1 .
The instrument was calibrated with polystyrene standards. Based on this calibration, wax had an apparent Mn and PDI value of 600 g.mol -1 and 1.25, respectively (see Figure S5 ). Its absorption spectrum is shown in Figure S6 . Its fluorescence spectrum is presented in Figure 3 . Before each measurement, the solutions were placed in the cryostat where they were degassed for 30-40 minutes under a gentle flow of N2 to remove undesired oxygen that quenches pyrene fluorescence. Measurements were carried out at temperatures ranging from −30 (± 0.2) to +25 (± 0.2) °C and before each set of experiments, the solutions were heated to room temperature to erase all pre-association history before bringing the solution to the desired temperature. The solutions were left in the cryostat for 10 min after the cryostat had reached the set temperature before any fluorescence spectrum was acquired.
UV-Visible Spectrophotometer. Absorption spectra were acquired between 200 and 600 nm on a Cary 100 UV-Vis spectrophotometer. Quartz cells having a 0.1-10 mm path length were employed for these measurements.
Labeling of the EP Copolymers. The polymers were first maleated to yield EP-MA 28 and then fluorescently labeled with 1-pyrenemethylamine 29 according to a procedure described earlier 19, 22 and shown in Scheme 1.
Scheme 1.
Reaction scheme for A) the maleation of the EP copolymer and B) the pyrenelabeling of the maleated EP copolymers.
RESULTS AND DISCUSSION
An earlier study has established that the molar fraction of pyrene labels forming excimer intermoleculally, namely finter, accurately describes the level of interactions between Py-EP copolymers in toluene. 19 In particular, a plot of finter as a function of temperature provides valuable information on the effect of temperature on the interactions between EP copolymers in toluene.
Such finter-vs-T plots were constructed in the present study to assess the effect that the presence of wax has on the interactions between EP copolymers having different crystallinities. The crystallinity of the different EP copolymers was characterized as well as their maleation and pyrene labeling as follows.
Chemical Composition of the Py-EP Samples. The ethylene content of the EP samples was determined by using a procedure developed by Randall based on 13 C NMR. 25 To this end, 13 C NMR spectra of all EP copolymers were acquired and two representative examples are shown in Figure S1 as Supporting Information (SI). Using Randall's procedure, 25 the ethylene content was A)
B)
determined and provided in Table 2 . In this report, the polyolefin samples are described based on their ethylene content in mol% where EP(78-1) indicates an EP copolymer with a 78 mol% ethylene content. The "-1" label indicates that this sample was the first semicrystaline EP copolymer with an ethylene content of 78 mol% to be studied.
The EP copolymers were then maleated to yield EP-MA and fluorescently labeled with 1−pyrenemethylamine according to Scheme 1. To this end, FTIR spectroscopy was applied to assess the success of the different reactions. The FTIR spectrum of EP (78) were determined. They are listed in Table 2 and the identical intrinsic viscosity profiles reported in Figure 1 for the two pyrene-labeled semicrystalline and amorphous EP copolymers suggest that Py (103) an earlier publication. 19 The λPy values are listed in Table 2 and they were used to describe the Py-EP samples. For example, the sample Py(116)-EP(78-1) had a pyrene content of 116 µmol/g and was the first sample with an ethylene content of 78 mol% to be studied. Figure S3 , a thermal transition due to melting was observed for the semicrystalline samples while no thermal transition was observed for the amorphous samples. The Tm and enthalpy of melting (∆mH) values retrieved from the DSC experiments conducted with the EP copolymers are listed in Table 3 . The ∆mH and
Tm results for EP(78-1) and EP(78-2) clearly indicate that these samples are similar in terms of crystallinity and melting profile. In turn this conclusion agrees with their similar chemical composition found by FTIR and 13 C NMR spectroscopy (see Table 2 ). As shown in Figure 2A and B, the peak at 376 nm was supressed after adding wax to the Table 2 where the EP backbone exhibits different levels of crystallinity, in the absence and presence of wax.
IE/IM=K(T)×[Py]loc
(1) Figure   2B where the much higher pyrene concentration led to a much stronger pyrene emission that dwarfed that of wax. 360 nm where pyrene does not emit and the wax spectrum shown as a dashed line in Figure 3A was subtracted from the latter spectrum to yield the fluorescence spectrum of the 10 g.L −1 wax, 10 g.L −1 EP, and 0.01 g.L −1 Py-EP mixture as shown by the dotted line in Figure 3A . This procedure yielded the expected fluorescence spectrum for Py-EP in toluene which demonstrated its validity for the purpose of this study.
Since engine oils contain a few wt% of VII and wax, the fluorescence spectra of the Py-EP wax were found to increase continuously with increasing temperature in Figure 5A and B,
respectively. This is the expected behavior for amorphous samples because the dissociation rate constant (k−1) of the pyrene excimer is negligible in this temperature regime, 30 and [Py]loc does not change much with temperature for these amorphous samples (see Figure 1A and B). Under these conditions, the increase in IE/IM with increasing temperature only reflects the increase in the rate constant (kdiff) for diffusion-controlled pyrene excimer formation associated with the decrease in solvent viscosity due to the increase in temperature. Similar trends were found for the Py(108)-EP(60-1) solutions in Figure S4 . For all four Py-EP solutions, the ratio IE/IM(intra) increased continuously with increasing temperature in Figure 5 . This behavior was expected, since the Py-EP macromolecules were well separated thanks to the excess of unlabeled EP copolymer present in the solution ensuring that
[Py]loc remained constant with temperature and that the IE/IM ratio responded solely to the decrease in viscosity taking place with increasing temperature. As was already pointed out, a decrease in viscosity leads to an increase in diffusive encounters, which is reflected by an increase in excimer formation, and thus in the IE/IM ratio. It is important to point out at this stage that PEF is a phenomenon that involves a few tens of monomers in a PyLM so that polymer entanglements are not relevant at the relatively low polymer concentrations studied.
31-33
Equation 2 Table 4 . Due to their importance in numerous applications that involve oil flow, the interactions of waxes and polymers have been the object of intensive research as illustrated by a number of recent reviews. [34] [35] [36] Wax crystallization in the oil as stacked lamellar crystals leads to gelation of the oil that can no longer flow at a temperature referred to as the pour point (PP). Copolymers of ethylene and vinyl acetate, polyethylene-b-poly(ethylene-co-propylene) diblock copolymers (PE-PEP), or poly(maleic anhydride amide-co-α−olefin) have been used as pour point depressants (PPDs). Their co-crystallization with waxes changes the size and shape of the wax crystals in a process that lowers the PP of the oil. In comparison with the vast pool of studies documenting the interactions between wax and PPDs, much less seems to be known about the interactions between waxes and VIIs such as the EP copolymers studied herein. In particular, interactions between waxes and EP copolymers having a high ethylene content were found to be reduced at low temperatures as illustrated in Figures 6C and D contrary to reported expectations. 12 The suggestion that waxes do not co-crystallize with long polyethylene stretches of the EP(78) copolymers at low temperature is supported by studies of the interactions of waxes with PE-PEP. The diblock copolymers were found to self-assemble into platelets composed of the PE blocks stabilized by the amorphous PEP blocks. 37 Addition of wax to the solution did not result in co-crystallization of wax and the PE blocks which formed PE-only microcystals. Rather, the wax crystallized at the surface of the PE platelet. 38 The EP(78) samples seemed to behave similarly with their long polyethylene stretches forming microcrystals in a process that releases into the bulk the wax responsible for increasing intermolecular interactions at high temperatures above TC. As a result, the presence of wax did not increase intermolecular interactions of the EP(78) copolymers at low temperatures below TC as indicated by the similar finter value obtained with or without wax in Figure 6C and D and in Table   4 . Both amorphous EP(60) copolymers consistently interacted with wax over the entire temperature range, maintaining a constant finter value in the presence of wax that was larger than the finter value obtained without wax.
Wax is believed to interact with long ethylene sequences in EP(60) and since the polymer remains fully soluble in toluene over the entire temperature range, these long ethylene sequences do not form microcrystals and interact effectively with wax in a process that induces intermolecular association. Interestingly, the semicrystalline EP copolymers were also found to interact strongly with wax at temperatures above TC where they were fully soluble in toluene. In effect, amorphous and semicrystalline EP copolymers above TC behaved similarly in solution, interacting strongly with wax in a process that resulted in increased intermolecular interactions.
CONCLUSIONS
Four EP copolymers were maleated and then labeled with 1-pyrenemethylamine. Two EP copolymers were semicrystalline and two were amorphous. 19 To probe the interactions taking In summary, this study illustrates how the parameter finter can be used to probe the association between PyLMs in solution. In the present application, it was employed to probe the effect that wax present in engine oils has on the aggregation of VIIs. While this information is highly relevant to scientists aiming to control the viscosity of engine oils, the use of finter based on PEF measurements conducted on PyLMs is general and is applicable to probe the solution behaviour of any associating polymers in organic solvents where the pyrene-labels are soluble.
